A tunable SrTiO 3 solidly mounted bulk acoustic wave resonator has been designed, fabricated, and tested. The solidly mounted resonator was implemented using an acoustical Bragg reflector of alternating high and low acoustic impedance layers. The resonator demonstrated a frequency tunability of 1%, from 5.87 to 5.81 GHz with an applied bias of 0 -7.5 V, respectively. A return loss of −6.5 dB was observed at an applied bias of 7.5 V. The quality factor at the resonant frequency was 78 and relatively constant with applied bias. 3 FBAR filters and duplexers have several advantages over surface acoustic wave and ceramic devices such as high quality factors necessary for sharp filter skirts, small size, high performance, and ease of integration.
Thin film bulk acoustic wave resonators ͑FBARs͒ have been in use by research and industry since early 1980s, 1,2 and in high volume production for cell phone duplexers since early 2000s. 3 FBAR filters and duplexers have several advantages over surface acoustic wave and ceramic devices such as high quality factors necessary for sharp filter skirts, small size, high performance, and ease of integration. 3 There are two approaches to designing bulk acoustic wave resonators. The first is a FBAR where a piezoelectric material such as AlN or ZnO is in between two metal electrodes and an air interface at the electrodes. 4 The second approach is the solidly mounted resonator 5 ͑SMR͒ where the piezoelectric material is deposited between two metal electrodes and an air interface at the top electrode and an acoustical Bragg mirror interface at the bottom electrode, as shown in Fig. 1 .
With the ongoing size reduction and integration in electronics, the need for tunable circuits is increasing. Tunable resonators using AlN as the piezoelectric layer for applications such as tunable resonators, filters, and voltage controlled oscillators have been demonstrated. [6] [7] [8] Tunability can be accomplished by several methods, including active varactors, electrostatic microelectromechanical system ͑MEMS͒ actuators, and microheater elements. [6] [7] [8] All these methods perform well; however, their drawbacks are additional elements such as active varactors, or electrostatic MEMS actuators take up additional space on chip, and microheater elements which take time to adjust the temperature.
Ferroelectric BaTiO 3 and ͑Ba, Sr͒TiO 3 and the incipient ferroelectric SrTiO 3 ͑STO͒ are known to exhibit strong piezoelectric and/or electrostrictive effects. 9, 10 Recently it has been reported that STO thin film capacitors have piezoelectric resonances in the micrometer to millimeter wave range induced by a dc electric field. 11 Since unstrained STO is not a ferroelectric, a more likely explanation is electrostrictive resonances. 12 The goal of this letter is to utilize these resonances to demonstrate the design, fabrication, and testing of a dc electric field tunable STO bulk acoustic wave resonator with high quality factor using the SMR approach.
An appropriate acoustical Bragg reflector for the SMR structure consists of four quarter wavelength layers of alternating high and low acoustic impedances, for which Pt and SiO 2 were used in this study. The quarter wavelength and the acoustic impedance are determined by the following equations:
13 n = V n /f = acoustic wavelength in region n ͑m͒, ͑1͒
V n = ͱ C n / n = acoustic wave velocity in region n ͑m/s͒,
C n = longitudinal elastic constant in region n ͑kg/m s 2 ͒, ͑4͒ n = material mass density in region n ͑kg/m 3 ͒. ͑5͒
The Pt/ SiO 2 / Pt/ SiO 2 / Pt acoustical Bragg reflector was deposited on a sapphire wafer. The top Pt layer served as the bottom electrode of the SMR structure. Pt and SiO 2 were deposited by electron-beam evaporation and plasma enhanced chemical vapor deposition, respectively. The STO layer ͑60 nm͒ was deposited by radio frequency magnetron sputtering, from a stoichiometric SrTiO 3 target, on top of the acoustical Bragg reflector structure. The STO deposition parameters are described in other publications. 14 structure was fabricated using standard processing techniques including photolithography, chemical wet etching, and lift-off for the top electrode. Figure 1 shows a schematic of the device and tabulated in Table I are the material parameters used in the design of the SMR device. The lateral dimensions of the measured device are 12ϫ 12 m 2 Pt top electrode, 42ϫ 42 m 2 STO layer, and a blanket Pt bottom electrode.
The one port S-parameter data for the STO bulk acoustic wave SMR were measured using a Cascade Microtech probe station, GGB ground-signal-ground probes, and an Agilent E8361A vector network analyzer. Two devices were fabricated to determine the effectiveness of the acoustical Bragg mirror: the first device was an STO thin film sandwiched between two metal electrodes without the acoustical Bragg mirror and the second was the STO SMR structure described above. Both devices had the same top and bottom electrode thickness and STO thickness. A comparison of the data in Fig. 2 ͑mirror-less device͒ and Fig. 3 ͑SMR device͒ demonstrates the effectiveness of the acoustic Bragg reflector in improving the device performance. The inset in Fig. 3 shows that the resonator is tunable from 5.87 GHz at 0.5 V dc to 5.81 GHz at 7.5 V dc. The dc bias was varied from 0 to 7.5 V dc in steps of 1 V. The quality factor of the resonator was calculated using Eq. ͑6͒ to be 78 and nearly constant over the bias range ͑Fig. 4͒ by fitting the collected data to the modified Butterworth-Van Dyke ͑MBVD͒ model
where r is the resonant frequency, L m is the motional inductance, R m is the motional resistance, and f r and f a are the resonance and antiresonance frequencies, respectively. 17 The return loss at 7.5 V was −6.5 dB. The effective electromechanical coupling coefficient ͑k t,eff 2 ͒ was extracted from the MBVD parameters to be 2% and was near linear, as can be seen from Fig. 4 . The measured resonance frequency was normalized to the maximum measured frequency at 1 V dc ͑5.87 GHz͒ and is plotted in Fig. 5 against the applied dc voltage. Figure 5 shows that the frequency is decreasing as a function of increasing applied dc voltage. The low resonance frequency of our device, with respect to half-wavelength resonance frequency of the STO layer alone ͑ϳ70 GHz͒, is due to the thick metal electrodes that are in the acoustical path of the resonator, which cause a reduction in the resonance frequency. 17 The effective thicknesses of the top electrode, STO, and bottom electrode determine the resonance frequency of the device.
Although the results demonstrate significant improvements in the quality factor of the resonator through the use of an appropriately designed Bragg mirror, further improvement of device parameters such as quality factor, effective electromechanical coupling coefficient, and resonant frequency, can likely be achieved. The method applied in this letter of measuring the device by directly contacting the top electrode of the device degrades the device quality factor and effective electromechanical coupling coefficient because of the pressure applied by the probes on device. This could be avoided   FIG. 4 . ͑Color online͒ Plot of the resonator quality factor ͑blue diamonds͒ and the effective electromechanical coupling coefficient ͑red dots͒ vs applied dc voltage. by redesigning the layout where the probe contact point is off the device along with using thinner top and bottom electrodes. Also, the use of different materials for the top and bottom electrodes with high acoustic impedance, such as tungsten or molybdenum, would increase the effective electromechanical coupling coefficient of the SMR.
